We report on the experimental realization of a phononic crystal, designed to operate at gigahertz frequencies. Detailed studies of the structure have been performed using finite difference time domain method to determine effects of slab modes in finite-thickness slabs, thus enabling precise guidance of experimental efforts. In particular, we find the slab mode effects mitigated in ultrathin ͑thickness less than lattice periodicity͒ and ultrathick ͑thickness more than ten times lattice periodicity͒ slabs. Gigahertz-frequency phononic crystals are well poised to find usage as high-Q resonators, waveguides, and coupling elements in a variety of application areas including RF communications.
Phononic crystals ͑PnCs͒, also known as acoustic bandgap materials, are periodic structures made of two different materials with a large contrast in elastic properties. Counterparts to photonic crystals with forbidden gaps for photon propagation, PnCs possess band gaps forbidding propagation of elastic waves at certain frequencies due to a combination of Bragg and Mie scattering. PnCs with two-dimensional ͑2D͒ gaps most commonly come in the form of cylindrical scatterers placed in a host material ͑matrix͒ in a 2D periodic lattice formation with periodicity on the same order of magnitude with the gap wavelength. PnCs are superior to alternatives such as Bragg scattering based acoustic quarter wave reflectors, because ͑i͒ they possess a gap for all in-plane directions, ͑ii͒ gaps at high frequencies are possible due to scale invariance of elastic propagation equations, and ͑iii͒ PnCs can have wide gap bandwidths ͑gap-to-midgap ratios as high as 50% have been observed͒. 1 Potentially, PnCs can be used as isolators by themselves or by the introduction of defects it is possible to realize devices 2,3 such as resonators, cavities, waveguides, splitters, and channel drop filters. PnCs at different frequencies have applications in different fields. Previously realized 67 and 120 MHz PnCs 4, 5 are suitable for use in biomedical ultrasound imaging, acoustic microscopy, and other sensing applications, while higher frequencies offer use in RF communications as an alternative to signal processing electronics. In this article, we discuss theoretical and experimental results for the first PnC operating above 1 GHz, with potential use in cellular wireless communications devices.
PnC devices with 2D gaps are attractive due to confinement of phonons by reduced coupling from solid slabs to air, their structural simplicity, and ease of theoretical and experimental investigation. Large gap bandwidths are realized by choosing PnC material pairs with low loss and high acoustic impedance contrast. 6 Two such material pairs found in previous studies are tungsten ͑W͒ rods in a SiO 2 matrix and air holes in silicon. The W / SiO 2 system is compatible with state of the art complementary metal-oxide semiconductor ͑CMOS͒ technology allowing on-chip integration with electronics, and optimal band gap width is realized at a smaller W filling fraction in comparison to the air-solid based system, 5 which requires almost connected holes with large radii to achieve comparable bandwidth. Miniaturization for gigahertz frequency operation requires lattice periodicities on the order of a few microns, thus rendering the latter material set impractical due to ͑i͒ hole-laden PnC matrix becoming mechanically brittle, ͑ii͒ low production yield prone to tolerances in hole radii and alignment, and ͑iii͒ difficulties in realizing strategic misalignment of holes for optimized high-Q cavities and other devices. Elastic properties of the materials used in our simulations are provided in Table I .
We chose a square lattice of W rod arrangement in SiO 2 matrix due to its simplicity. Modeling was performed using finite difference time domain ͑FDTD͒ method. Compared to other methods, FDTD has the unique advantage of being able to assess PnC gap depths and slab mode energies in finite-thickness slabs. In particular, we show in this article that presence of a slab mode within gap frequencies does not necessarily indicate the gap is compromised. FDTD is based on explicit integration of elastic propagation equations on a discrete three-dimensional cubic grid. A longitudinal displacement wave with Gaussian profile is launched in the inplane z-axis, which is terminated by Mur absorbing boundary conditions in both directions. Data is collected on the opposite side of the discretized PnC model and Fourier transformed to obtain frequency dependent transmittance, normalized to the response of the matrix material provided by a a͒ Electronic mail: ielkady@sandia.gov. second simulation. An illustration of these arrangements is provided in Fig. 1 . Details of FDTD method can be found elsewhere. 7 Axes in the transverse direction are terminated with periodic boundary conditions. Periodic boundaries can be used in modeling of infinitely thick PnCs in bulk acoustic wave mode. In our previous communication when studying megahertz PnCs fabricated in ultrathin slabs as compared to the lattice constant, 4 an infinitely thick PnC FDTD model was employed and proved to be sufficient as the slab resonances of such devices would lay in well above the band gap, while the infiniteness of the thickness of the numerical model would push such resonances to identically zero frequencies. In the current case, however, these modes reside in the gap during gigahertz operation, requiring modeling of a finite thickness PnC slab surrounded by air. Air modeling deserves special consideration because ͑i͒ numerical instability is introduced by its very low density, ͑ii͒ there are difficulties using Mur absorbers at air boundaries due to air behaving as a liquid with zero shear and low longitudinal wave velocities. In particular, Mur absorbers cannot be utilized at a liquid boundary since their formulation assumes nonzero wave velocities. We model air at a slightly higher density of 0.1 kg/ m 3 to mitigate the former issue without impact on modeling because the impedance contrasts ͑and thus reflectance͒ between air and other materials remain very high even after the modification. The latter issue is overcome by ͑i͒ surrounding the slab with a sufficiently thick ͑at least three times the lattice periodicity, a͒ air buffer, ͑ii͒ using periodic boundaries in transverse directions ͑as the fabricated samples are extremely wide in that dimension͒, and ͑iii͒ placing a very thin layer of matrix material to cover Mur absorbers in the longitudinal directions ͑along z-axis͒. While periodic boundary usage per ͑ii͒ is expected to give an effect of periodically repeating PnC slabs separated by air buffers, our tests indicate energy transmission ͑thus cross-talk between adjacent slabs͒ via air remains negligible so long as the air buffer is sufficiently thick.
A theoretical study of thickness effects was made in order to guide the experimental efforts. Normalized transmission versus frequency results for various slab thicknesses ͑blue continuous lines͒ compared to an infinite thickness structure ͑black dotted lines͒ are shown in Fig. 2 . We conventionally define the minimum acceptable gap depth to be Ϫ20 dB of rejection. Our results indicate that for a lattice of periodicity a, only ultrathin ͑thickness Ͻa͒ or ultrathick slabs ͑thickness Ն10a͒ show gaps untainted by slab modes. It is understood that very thin slabs support very few slab modes, whereas very thick slabs support very high number of modes with low average energy. This abundance of modes is visible as a raised baseline for the thickest slabs shown in Fig. 2 . In contrast, gap depths for ultrathin slabs almost match the gap depth for the infinitely thick reference case. Some slab mode resonances can be noticed immediately. For instance, for a slab thickness a, the resonance frequency observed in Fig. 2 matches the well-known resonance formula d = n / 2 for the slab thickness, immediately indicating a transverse mode. For other thicknesses, anticipation is less trivial as resonances for transverse, shear, and flexural modes might be present. It is also possible to have windows of opportunity devoid of resonances for arbitrary thicknesses; however, these form the exception rather than the rule and given tolerances in manufacturing processes besides other factors, are best avoided.
The manufactured PnC consists of 41ϫ 19 rows of tungsten rods 1.4 m in diameter arranged in a 2.5 m pitch square lattice formation within a 1.85 m thick suspended SiO 2 membrane. Excitation and measurements were performed using 14 chirped AlN piezoelectric couplers. Results were normalized to results for a matrix membrane devoid of the rods. Measurements indicate a gap centered at 943 MHz, with 35 dB maximum depth and 416 MHz width. The gapto-midgap ratio is 44%. Comparison of measurements to simulation results is shown in Fig. 3 . Clearly, theoretical results agree with the experiment at the high frequency band edge very well. While the theory predicted the gap region starting from 550 MHz, the couplers manufactured covered 
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Normalized transmission ͑dB͒ vs frequency ͑MHz͒ results for finite-thickness slabs with thicknesses ͑a͒ 0.25a, ͑b͒ 0.5a, ͑c͒ a, ͑d͒ 1.5a, ͑e͒ 5a, ͑f͒ 10a, ͑g͒ 25a, and ͑h͒ 50a, where a is the lattice periodicity. Blue continuous lines belong to finite-thickness slabs; black dotted lines are infinite-thickness structure result for reference. only 700 MHz-2 GHz range, causing an apparent discrepancy at the lower edge of the gap. This is better seen in the Fig. 3 inset, where unnormalized results are shown for the crystal and matrix. The transduction in the 550-700 MHz region is 30 dB less than the transduction seen above 700 MHz.
Since our simulation models do not incorporate various loss mechanisms present in the experiment, the gap converges to substantially deeper values compared to experiment as simulation progresses. One way to account for the material losses is thus to calibrate the numerical simulation time to the actual gap depth. Nevertheless, as can be seen from the various simulation results shown in Fig. 3 , that the gap width is insensitive to the run time. This enables one to faithfully base designs based on gap width and safely cap the gap depth at the allowable material loss parameters. It is also important to note that while the absence of losses in the simulation presents a disadvantage when comparing to the experiment on a one to one basis allow us to study and understand the generation and nature of the low Q modes such as the slab modes in the current case, which would otherwise be washed out.
In conclusion, we have demonstrated a solid-in-solid PnC operating at gigahertz frequencies experimentally and studied it theoretically. Slab modes were theoretically studied using FDTD method to understand how they affect the gap usability and to guide experimental efforts. We have observed consistent rejection in gap region at Ϫ20 dB or better for ultrathin slabs with thickness less than 1a or thick slabs with at least 10a thickness, where a is the lattice periodicity. We have also pointed out the difficulties in simulating airsurrounded finite thickness slabs with FDTD and shared our solutions with the community. PnCs operating at gigahertz frequencies are well-poised to find use in cellular telephone industry and potentially replace signal processing electronics. 
